Abstract Based on data from river gauging stations, the multi-year variations in suspended sediment flux (SSF) from China's nine major rivers to the sea were examined. The decadal SSF decreased by 70.2%: from 1.81 Gt/year for 1954-1963 to 0.54 Gt/year for 1996-2005. The decrease in SSF was more dramatic in the arid northern region than in the wet southern region; from north to south, the SSF decreased by 84% in the Yellow River, 42% in the Yangtze River, and 22% in the Pearl River. Dam construction was the principal cause for the decrease in SSF. At present, approximately 2 Gt/year of sediment is trapped in the reservoirs within the nine river basins. Reduced precipitation and increased water extraction and sand mining have also played a role in the decrease in SSF. Although water and sediment conservation programmes have not counteracted the influence of deforestation, they have enhanced the decrease in SSF in recent years. It is concluded that human activity has become a governing factor on riverine sediment delivery to the sea in China.
INTRODUCTION
The flux of riverine suspended sediment into coastal oceans is of great importance in geomorphology, biogeochemistry and engineering. Many deltas worldwide are retreating due to decrease in sediment supply from rivers, including the Colorado River, USA (Carriquiry et al., 2001) , the Nile in Egypt (Fanos, 1995; Wiegel, 1996) , the Ebro, Spain (Sánchez-Arcilla et al., 1998) , and the Yellow River, China (Liu et al., 2001; Yang et al., 2004b) . The evolution of a delta affects the health of marine ecosystems because of its relationship to the delivery of sedimentassociated chemical constituents, such as trace elements, persistent organic pollutants and nutrients. In 1968, based on data from the world's large rivers, Holeman (1968) assessed the global river sediment flux to the coastal oceans; his estimates were followed by those of several others (e.g. Milliman & Meade,1983; Milliman & Syvitski, 1992; Hay, 1998; Syvitski, 2003; Syvitski et al., 2003; Walling & Fang, 2003) . Walling & Fang's (2003) analysis of long time series data on sediment load from the large rivers of Asia, Europe and North America shows that approximately 50% of the rivers exhibit statistically significant upward or downward trends, with the majority showing declining trends. The sediment flux of most European rivers has decreased, in some cases sharply, in the past 50 years (Milliman, 2001) . In Russia, for example, 12 of the 20 rivers studied by Bobrovitskaya et al. (2003) decreased in sediment flux. Human activity, in particular dam construction, has been identified as the main cause of the decreasing trend in riverine sediment load (Vörösmarty et al., 2003; Syvitski et al., 2005; Walling, 2006) in most of the above cases.
The fluxes of water and sediment from China's rivers greatly influence the coastal seas of the western Pacific. Of these rivers, the Yellow, Yangtze and Pearl rank among the 25 largest rivers in the world in terms of sediment load (Eisma, 1998) . The sediment discharge from China's rivers to the sea once constituted 10% of the world total (Chen & Zhao, 1984) . Less is known about this discharge in recent years, during which strong development and rapid increase in economy in the catchments has occurred, although variations in sediment loads have been examined for the Yellow River (Ni et al., 1997; Li et al., 2002; Xu, 2003) and the Yangtze River (Chen & Zhao, 2001; Yang et al., 2002 Yang et al., , 2003 Yang et al., , 2004a Yang et al., , 2005 Yang et al., , 2006a Chen et al., 2005; Xu et al., 2006 ). China's rivers encompass different climate zones, from tropical monsoon to cold temperate, which suggests that these rivers may exhibit different patterns of variation in water and sediment discharges to the sea.
The nine rivers studied here, the Songhuajiang, Liaohe, Haihe, Yellow, Huaihe, Yangtze, Qiantangjiang, Minjiang and Pearl rivers (listed from north to south), have a combined drainage basin area of 4.53 × 10 6 km 2 ( Fig. 1) , which constitutes 74% of the total external drainage area and 47% of total area in China. The suspended sediment flux (SSF) from these rivers to the sea represents 85% of the total flux from China (DHMWR, 1997) . Based on data from river gauging stations covering 52 years , we examine the temporal trend in total SSF from these rivers to the sea, as well as their different temporal patterns with respect to anthropogenic and natural causes. 
Physical setting and data set
Most of the exterior rivers of China flow from west to east into the Pacific Ocean due to the country's topography, and the rivers selected for this study drain the eastern part of China. They are located within a span of more than 30 degrees of latitude, which results in great variation in climate and hydrology among the rivers ( Fig. 1 ; Table 1 ). The southern rivers, such as the Table 1 Drainage area and averages of precipitation, water discharge, and suspended sediment flux (SSF) to the sea of nine major rivers in China (1954 China ( -2005 Qiantangjiang, Minjiang and Pearl, lie within the humid zone (annual precipitation: >1400 mm) and have high vegetation coverage. These rivers have higher specific water yield and thereby lower suspended sediment concentration compared to those in the north. The northern rivers, such as the Songhuajiang, Liaohe, Haihe and Yellow, lie within the sem-iarid zone (annual precipitation: <600 mm) and have lower water discharge and higher suspended sediment concentration compared to those in the south. The Songhuajiang River, a tributary of the Heilongjiang River (Amur River), drains the northeastern part of China and enters the Amur before discharging into the sea. It is distinguished from the other rivers by its long freeze period in winter. Finally, the Yangtze and Huaihe rivers drain the transitional region (annual precipitation: 900-1100 mm). Each of the rivers has a gauging station at the tidal limit to measure water and sediment fluxes to the sea, except for the Huaihe which has two, and the Pearl which has three, due to the existence of large tributaries in their lower reaches (Fig. 1) . In the case of the Songhuajiang, Liaohe, Huaihe and Yangtze rivers, the gauging stations are far from the sea, because of the significant influence of tides, compared to some other rivers in the world (Syvitski & Morehead, 1999) . Due to the short length of record for both the Haihe and Qiantanjiang rivers, the records for the other seven rivers were used to represent the nine rivers for the entire period. Precipitation (rain and snow) data at 124 gauging stations in the drainage basins of the nine rivers were collected from the Information Center of China Meteorological Administration. We used a weight equation with precipitation and drainage area as variables to calculate the average precipitation.
RESULTS AND DISCUSSION

Decreasing SSF of the rivers
As shown in Fig. 2 , the total SSF of the studied rivers exhibited a statistically significant decreasing trend. The decadal SSF decreased by 70.2%, from 1.81 Gt/year in 1954 -1963 to 0.54 Gt/year in 1996 -2005 . Because the SSF of the studied rivers was estimated to constitute approx. 85% of the total of all of China's rivers (DHMWR, 1997), the total SSF of China's rivers would be 2.13, 1.52 and 0.64 Gt/year for 1954-1963, 1954-2005 and 1996-2005, respectively , which also represents a decrease of 70% from the first period to the last. In contrast, the decreasing trends in the precipitation and water discharge of the nine rivers studied herein were not statistically significant and were less drastic (Fig. 2) . Therefore, climate change is probably not the principal cause for the drastic decreasing trend observed for the SSF. Milliman & Syvitski (1992) estimated that the global river sediment flux was 20 Gt/year. In their work, they used values of 0.48 and 1.1 Gt/year for the sediment fluxes of the Yangtze and Yellow rivers, respectively, which reflected the average sediment flux of these two rivers before the 1980s. In this study, we calculated that the average total river sediment flux of China before the 1980s was 2.01 Gt/year, which is 10% of the global total estimated by Milliman & Syvitski (1992) . Using a data set of world river sediment loads for 1960 -1995 , Syvitski et al. (2005 estimated that the modern global river SSF was 12.6 Gt/year, which reflected a 37% decrease on the value of Milliman & Syvitski (1992) . In the present study, we compared China's SSF in the same two periods (pre-1980 and 1960-1995) , and found a decrease of 20%: from 2.01 Gt/year in 1954 -1979 to 1.60 Gt/year in 1960 -1995 In addition, the SSF in China decreased by 66% from 1.60 Gt/year in 1960 -1995 to 0.54 Gt/year in 1996 -2005 , mainly due to human activity, particularly dam construction . As new dams have been constructed elsewhere, especially in developing countries (Walling, 2006 ; http://www.irn.org/programs/india), the global river sediment flux has probably decreased further since 1995.
Differences in SSF among the rivers
Although all nine rivers exhibited a decrease in SSF over time, obvious differences existed among them. The decreasing trend was statistically significant in the Songhuajiang, Liaohe, Haihe, Yellow, Huaihe, Yangtgze and Minjiang rivers, but not in the Pearl River (Fig. 3 ). In the Qiantangjiang River, although the decrease in SSF was statistically insignificant for 1977-2005, it might be statistically significant in 1954-2005, but we are missing the data to test this. We suspect that this might be true because the SSF in the Songhuajiang and Liaohe rivers showed no statistically significant trend for 1977-2005, but showed a statistically significant decreasing trend for the whole time period . Thus, all nine rivers except for the most southern one, the Pearl River, likely showed a statistically significant decreasing trend in SSF over the past halfcentury. The decrease was more drastic in the northern rivers than in the southern rivers. For example, the SSF in the Liaohe, Yellow, Huaihe, Yangtze and Pearl rivers decreased by 93, 84, 77, 42 and 22%, respectively, from 1954-1963 to 1996-2005 (Table 2 ). As these five rivers supplied 99% of the total SSF (Table 1) , their decreases are representative of all of the rivers. These spatial differences are likely related to variations in precipitation. Precipitation showed an increasing trend in the Pearl River and a decreasing trend in the other rivers, although most of these trends are not statistically significant. Regional responses to global climate change are complicated (Dore, 2005) . The difference in precipitation between the Pearl and the other rivers may be due to their locations. The Pearl River is closer to the tropical seas than the other rivers (Fig. 1) . The decrease in precipitation was relatively sharper in the northern rivers than in the southern ones (Fig. 3) . For example, precipitation decreased by 14, 13, 18 and 7.4% in the Songhuajiang, Liaohe, Haihe and Yellow rivers, respectively, from 1954-1963 to 1996-2005. Less precipitation tends to result in less runoff and sediment yield in the catchment. Less runoff, in turn, has a lower capacity to deliver sediment downstream. Thus, the decrease in precipitation in the northern rivers is considered to be partly responsible for the decrease in SSF.
The decrease in water discharge was much more pronounced than the decrease in precipitation in the northern rivers. For example, water discharge decreased by 31, 67, 49 and 76% in the Songhuajiang, Liaohe, Haihe and Yellow rivers, respectively, from 1954-1963 to 1996-2005 . The total water discharge of these four rivers decreased by 52% from 1954-1963 to 1996-2005 , which is 4.3 times higher than the 12% decrease in average precipitation along these rivers during the same period. We conclude, therefore, that the decrease in water discharge in the northern rivers has been mainly due to human activity (Lu, 2004) . In the drainage basins of northern rivers, such as the Liaohe, Haihe and Yellow, the climate is semi-arid and water resources are scarce. In addition, the population of northern China has increased by 46% since the 1950s. Decreased precipitation and increased population have greatly aggravated the water deficiency in the area. As a result, water extraction and retention were greatly enhanced in the catchments of these three rivers (Liu & Zhang, 2004) , which induced even sharper decreases in water discharge and sediment flux to the sea. Our findings are consistent with those of Syvitski et al. (2005) , who demonstrated that more sediment is trapped in the river catchments in the cold temperature zone than in other zones.
Soil erosion in relation to riverine sediment delivery to the sea
During the past half century, surface erosion in river basins of China has greatly increased. According to the Standards for Classification and Gradation of Soil Erosion of China (SL190-96), the intensity of soil erosion is divided into five grades: 200-2500, 2500-5000, 5000-8000, 8000-15 000 and >15 000 t km -2 year -1
. In this paper, the surface erosion area is defined as the area in which the soil erosion intensity exceeds 200 t km -2 year -1 . Thus, the surface erosion area in China was 1.16 × 10 6 km 2 in the 1950s and 1.79 × 10 6 km 2 in 1985 (Wang, 2001; Jiao, 2002) . Although counter measures were made after 1985, the modern area of surface erosion is still greater than it was in the 1950s. According to the China Environmental Status Communique in 2005, published by the Chinese government (http://www.zhb.gov.cn/plan/zkgb/05hjgb), the area of hydraulically induced surface erosion in China was 1.65 × 10 6 km 2 in 2005, 42% larger than it was in the 1950s. In the Songhuajiang River basin, the area of surface erosion increased by 80% from the 1950s to 1986 (Wu, 1998) . In the Yellow River basin, it increased by 5.6% from the 1950s to 1990 (Cui & Wan, 2000) , and in the Yangtze River basin it has doubled since the 1950s . In the Yangtze River basin, there is a significantly positive relationship between sediment yield and area of surface erosion . In the Yangtze River basin, the eroded sediment was 1.45 Gt/year in 1951 and 2.32 Gt/year in 1985 (Shi, 1999) . At present, the eroded sediment within 82.1% of the catchment area is 2.61 Gt/year, which suggests eroded sediment of 3.18 Gt/year for the whole catchment. Therefore, we conclude that the eroded sediment in China's river basins has greatly increased since the 1950s.
Generally, the western part of China consists of plateaus or highly mountainous regions and yields more sediment than the low-relief regions of the eastern and middle parts of the country (Xu, 1994; Syvitski et al., 2005) . For example, in the Yangtze River, the SSF in the upper reaches was 0.475 Gt/year in 1954-2005 (Yichang station). However, due to the deposition in the river channel and linked lakes in the middle and lower reaches, and less sediment supply, the SSF of the lowest station (Datong, 0.413 Gt/year) is only 87% of that in the upper reaches (Yichang). In the Xijiang River, the largest tributary of the Pearl River, the sediment supply from the upper reaches (Qianjiang station) for 1954-2005 was 63% of the SSF into the sea. The variation in SSF in the upper reaches is quite different from that in the lower reaches. In the upper reaches of the Yangtze River, SSF showed an increasing trend (although statistically insignificant) before the mid-1980s, and a decreasing trend thereafter (Fig. 4(a) ). In the upper reaches of the Xijiang River, SSF showed a statistically significant increasing trend before 1992, followed by a decreasing trend which was due to the construction of a large dam on the main river (Fig. 4(b) ). The variations in SSF in the upper reaches of these two rivers partly reflect the influence of the variation in area of surface erosion, in spite of other impacts (e.g. dam construction). Since the 1980s, although soil conservation projects were carried out in western China, the harnessed area only accounted for 22% of the surface in the upper reaches of the Yangtze River and 8.2% in the upper reaches of the Pearl River (CCYRA, 1993 (CCYRA, -2003 Xia, 1999; Pan, 2004) . These projects have not decreased the soil erosion to the levels that existed in the 1950s. For example, in the Jialingjiang River, as most of the efforts to control soil erosion were made in the Yangtze, the contribution of the soil conservation measures to the decrease in SSF is only 15-20% of the suspended sediment supply to the main river of the Yangtze (Yang & He, 2005) .
In the eastern and middle regions of China, the intensity of soil erosion is much lower than in the western part of the country. In the Yangtze River, for example, the water supply from the middle and lower reaches contributes 40% of the water discharge into the sea. In contrast, the sediment supply from the middle and lower reaches contributes only 20% of the total that reaches the sea. Therefore, although the area of surface erosion decreased by 20-30% since 1985 in eastern and middle regions of China (Jiao, 2002) , the contribution of the soil conservation measures to the decrease in riverine SSF into the sea might be much lower than this percentage. Thus, the contribution of soil erosion control to the decrease in SSF to the sea has likely been very limited in the Yangtze and Pearl rivers.
In contrast to the sediment source in the Yangtze and Pearl rivers, the sediment of the Yellow River mainly comes from the middle reaches where thick loess develops. In the past three decades, intensive water and soil conservation programmes were implemented in this deteriorated region, which effectively decreased sediment supply to the main river (Walling & Fang, 2003; Xu, 2003) . Since the 1970s, these programmes have decreased the sediment supply to the main river by 0.34 Gt/year (http://www.cas.cn/html/Dir/2006/10/12/14/47/41.htm; in Chinese), which accounts for about one-third of the decrease in SSF to the sea between 1954-1963 and 1996-2005. Although the contribution of soil and water conservation measures to the decrease in SSF is not clear in the other rivers, we conclude that these measures play a minor role in the sharp decrease in SSF to the sea. We base this conclusion on the fact that more than 95% of the total SSF of the selected nine rivers is contributed by the Yellow, Yangtze and Pearl rivers. 
Influence of dam construction on riverine sediment delivery to the sea
According to Vörösmarty et al. (2003) , the trapping of global sediment flux by all registered large dams (45 000) currently amounts to 4-5 Gt/year. Rivers in China are strongly regulated (Nilsson et al., 2005) . The dams in the nine rivers studied herein (Table 3 ) have a cumulative reservoir storage capacity of 419.7 km 3 , which is approx. 32% of the annual water discharge of these rivers. This is much greater than the global average of 20% (Vörösmarty et al., 2003) . Sediment deposition in reservoirs is very high in China. For example, from the 1950s to 1985, deposition in 24 large reservoirs (storage capacity: >0.1 km 3 ) in the Haihe River catchment was 1.7 km 3 (10.3% of the total storage capacity) (CCAHR, 1998) . In the Yangtze River, the Three Gorges Dam (TGD, storage capacity approx. 14 km (YWCC, 2003 (YWCC, -2005 , which is 60% of the sediment supply from upstream. In the Yellow River, deposition in reservoirs has been more significant due to higher suspended sediment concentration (e.g. 25.2 kg/m 3 on average at Lijin, the lowest gauging station in the Yellow River, which is 52 times higher than at Datong, the lowest gauging station in the Yangtze River). For example, 6.93 km 3 (bulk volume equal to 8.3 Gt taking the bulk density as 1.2 t/m 3 ) of sediment was deposited in the Sanmenxia Reservoir (original storage capacity: 16.2 km 3 ) between 1960 (MWRC, 2004 , which equals 273 Mt/year on average. In the Xiaolangdi Reservoir (original storage capacity: 12.65 km 3 ), (MWRC, 2004 , which is an average of 236 Mt/year. It is necessary to indicate that the combined storage capacity of theses two reservoirs is only 38.5% of the total in the Yellow River (Table 3) . Therefore, the cumulative deposition in the reservoirs of the Yellow River likely exceeds 1 Gt/year. Deposition in reservoirs was also significant in the other rivers of this study. For instance, the storage capacity of reservoirs in the Pearl River has been reduced by 30% due to deposition (Chen & Zeng, 1997) , which was the main reason for the drastic decreasing trend in SSF since the mid-1980s . Yang et al. (2005) estimated that the deposition rate in reservoirs in the Yangtze River was approx. 860 Mt/year in 2003. Using the method of Yang et al. (2005) , we estimated that the total deposition rate in reservoirs in all nine rivers of this study probably amounts to approx. 2 Gt/year at present, which is three times higher than the total SSF from these rivers to the sea in the most recent decade. This great deposition is not surprising considering that the total eroded sediment in the catchments of the nine rivers is 5.31 Gt/year at present (Li & Liu, 2006) . Syvitski et al. (2005) estimated that the large and small reservoirs throughout the world together trapped 26% of the global sediment flux. Clearly, the dams in China have a much higher efficiency in trapping riverine sediment than the global average. Dam construction is undoubtedly the principal cause for the decrease in sediment flux to the sea in China.
Other factors influencing riverine sediment delivery to the sea
Riverine sediment flux is jointly influenced by both natural processes (e.g. climate change, regulation of deposition in flood plains and lakes, and channel erosion) and human activities (e.g. deforestation, mining, water and soil conservation, dam construction, water diversion, bank protection, dredging and road construction). In addition to deforestation for agricultural purposes, mining, road construction and town development enhanced sediment yield, in particular since the implementation of the Reformation and Opening Policy that began in the early 1980s (Zhang et al., 1999) . In the Yangtze River, deposition in lakes and the main river channel in the middle reaches has an important role in modulating the delivery of sediment, which has caused the inverse scaling of sediment yield (i.e. with the enlarging of the drainage area in the river basin, the sediment yield in per unit area is decreasing) (Church et al., 1999) . The deposition within these reaches decreased from 200-300 Mt/year in the 1950s-1960s to 20-30 Mt/year in recent years , and this is believed to have abated the decrease in sediment supply to the sea.
In addition to dam construction and reduction of water discharge, several other factors are responsible for the decrease in SSF. Suspended sediment will have been removed along with water extracted for irrigation. In the middle reaches of the Yellow River, approx. 70 Mt/year of sediment was extracted in this way from the 1950s to the 1990s (Tang, 1993; Li & Liu, 2006) . From  Fig. 4(d) , we conclude that water diversion within the Yellow River has been greatly enhanced, in particular since the 1990s, which suggests an increasing trend of water extraction (and sediment along with the water). Sand mining in the Yangtze main river system began in the 1950s, and has increased considerably with growth of the national economy since the 1980s. Although accurate information on sand mining in the Yangtze River basin is lacking, it is estimated that the total amount of sand mined from the middle to lower reaches of the Yangtze River has been 40-80 Mt/year since the 1980s (Chen et al., 2005) . However, bank protection has prevented lateral erosion and thus enhanced the decrease in sediment flux to the sea .
SUMMARY AND CONCLUSIONS
As the largest developing country in the world, China has experienced a rapid increase in both economy and population in the past half century. The need for more agricultural and mineral products and more roads and habitation areas has led to an increase in soil erosion in the river basins. Although efforts have been made in recent years toward water and soil conservation, the eroded sediment in the river catchments has significantly increased since the 1950s. Nevertheless, the SSF to the sea from the nine major rivers studied herein has exhibited a statistically significant decreasing trend. The total SSF of these rivers decreased by 70% from 1.81 Gt/year in 1954 -1963 to 0.54 Gt/year in 1996 -2005 . The principal cause for this decrease was dam construction. Water and sediment conservation programmes, decrease in precipitation, water extraction, sand mining on riverbeds and river bank protection have each also played a role in the decrease in SSF. At present, approx. 2 Gt/year of sediment is trapped by the dams. Dam construction in China probably plays a more important role in trapping riverine sediment than it does in most other regions of the world. Water and sediment conservation programmes have not counteracted the influence of deforestation, but they have enhanced the decrease in SSF in recent years. Without these programmes, the decrease in SSF would have been less drastic.
The temporal variation in SSF shows significant latitudinal differences. In the northern rivers (Liaohe, Haihe and Yellow rivers), as compared to the southern ones, water deficiency (aggravated by decreased precipitation) resulted in a significant decrease in water discharge, which in turn led to decreases in SSF. As more water and sediment are intercepted before they are transported to the sea in North China, the coastal sea might suffer negative effects, such as salt intrusion, pollution and coastal erosion; these have already occurred in the Yellow River delta (Yang et al., 2004b (Yang et al., , 2006b .
Sand mining on riverbeds and river bank protection have also been responsible for the decrease in sediment supply to the sea, because they have reduced the sediment supply from erosion downstream of the dams. Human activity has become a governing factor in riverine sediment delivery to the sea and in the delta evolution in China. Because China's rivers supply one-tenth of the world's total sediment flux to the sea, the sharp decrease in SSF in these rivers probably has global implications, including: (a) a much smaller supply of sediment by the world's rivers into the sea than had been estimated previously, and (b) worldwide environmental problems along coastal areas due to the sediment decrease, such as coastal erosion and changes in marine ecosystems because of the decrease in sediment-associated nutrient supply. Furthermore, most of the global sediment flux to the sea is contributed by rivers in developing countries. The sharp decrease in sediment flux experienced by China's rivers may also be occurring, or be about to occur, in rivers of other developing countries. This issue warrants greater attention.
